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We investigate a photonic device consisting of two coupled cavities possessing a Rashba-Dresselhaus spin-
orbit coupling, a TE-TM and a controllable XY polarisation energy splitting that open a tuneable energy gap at
the diabolic points of the photon dispersion; the latter giving rise to an actively addressable local Berry curvature.
The proposed architecture stems from recent advancements in the design of artificial photonic gauge fields in
liquid crystal cavities [K. Rechcin´ska et al., Science 366, 727 (2019)]. Our study opens new perspectives for
topological photonics, room-temperature spinoptronics, and studies on the quantum geometrical structure of
photonic bands in extreme settings.
Introduction — Shaping and molding the optical proper-
ties in structured microscale systems (e.g., photonic crystals)
has both wide and important impact in quantum optics, infor-
mation transfer, light-matter interactions, and for future op-
tolectronic and spinoptronic devices [1]. Perhaps one of the
most promising outcomes of engineering cavity photon dis-
persions is access to photonic analogues of electronic solid
state physics where the role of the electron spin is instead
played by the vectorial composition of the photon polariza-
tion. Indeed, designing artificial gauge fields for photons [2]
has resulted in a surge of research dedicated to topological
photonics [3, 4] and synthesis of photonic spin-orbit coupling
(SOC) Hamiltonians [5–7] in a similar spirit to advancements
in cold atoms [8] and solids [9].
Recently, flexible liquid crystal (LC) microcavites have dis-
played an amazing ability to tune their cavity photon dis-
persions between the TE and TM polarized modes, realizing
synthetic spin-orbit coupling of light [10, 11]. The flexibil-
ity stems from the voltage dependent orientation of the LC
molecular director allowing one to control the dielectric ten-
sor of the cavity by adjusting the voltage applied to the LC.
Moreover, since LC cavities operate at room-temperature con-
ditions they are highly favorable in bringing complex applied
photonic architectures reliant on artificial gauge fields, and
topological photonics, closer to commercial use.
With this development, a new generation of devices can
be constructed of compound cavity systems which hybridize
distinct gauge fields in different cavities to produce more ex-
otic photonic gauge fields (see Fig. 1a). Double microcavity
systems have already been studied in both the weak coupling
regime (i.e., photon lasing) [12–14] and in the strong-coupling
regime (e.g., by using embedded semiconductor quantum
wells in the cavities) [15, 16]. Of interest, it was shown [17] in
strongly coupled systems that the emergent exciton-polaritons
quasiparticles possessed excitation power-dependent spin tex-
tures appearing from interplay between their inherited pho-
tonic SOC and exciton-exciton interactions. Although many-
body physics in such compound systems can give new com-
plex spin dynamics and effective magnetic fields (e.g., the
self-induced Larmor precession [18]) it is unpractical in a pure
photonic setting where particle nonlinearities are weak. On
the other hand, given their recent development, compound LC
cavity systems have not been considered until now to provide
access to new photonic gauge field physics.
In this Letter we demonstrate how a simple system of two
coupled microcavities containing LCs, as shown in Fig. 1a,
each possessing different SOC mechanisms give rise to a gap
opening at photonic Dirac points [19, 20] with the formation
of non-zero local Berry curvature [21] which quantifies im-
portant physical properties like the Chern number and intrin-
sic anomalous Hall conductivity in electron systems.
We consider a double microcavity like shown in Fig. 1a
where both cavities are filled with a LC. We will define the
cavity light Stokes components in the basis of circular polar-
ization of the cavity field Ψ = (ψ+,ψ−)t . The Stokes com-
ponents then become S1 = Re(ψ+ψ∗−), S2 = −Im(ψ+ψ
∗
−),
S3 = (|ψ+|
2− |ψ−|
2)/2, S = (|ψ+|2 + |ψ−|2)/2. From here
on we will work with the normalized Stokes components
Sn → Sn/S. The birefringence of the LC in the notation given
in Fig. 1 is written ∆ni = nei−noi where i denotes the cavity in
question. The effective refractive index for x-polarized light
is written:
neff,i =
noinei√
n2oi cos
2 (ϕi)+ n2ei sin
2 (ϕi)
, (1)
while for y-polarized light refractive index is always equal noi
for the ith cavity. For normal incident light of wavelength λ
the resonance condition for horizontal and vertical polarized
light (along the x and y axis respectively) can be written,
mxi =
2dineff,i
λ
, myi =
2dinoi
λ
, (2)
where di denotes the ith cavity size.
It was recently shown that a photonic equivalent of the
Rashba and Dresselhaus (RD) SOC can be synthesized in a
single LC cavity [11] through voltage dependent tuning of
its LC director. There, cavity modes of orthogonal polariza-
tions and opposite parity were tuned into resonance by rotat-
ing the molecular director such that their coupling resulted in
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FIG. 1. Scheme of the double microcavity system and the effective magnetic fields. (a) In each cavity, the ellipsoid of a refractive index is
drawn and notations are introduced. Blue-ish stacked layers indicate the dielectric Bragg reflectors (DBRs). The ordinary and extraordinary
refractive indices of the LC are denoted by noi and nei in the ith cavity. Panels (b) and (c) represent effective Rashba-Dresselhaus and optical
spin Hall effect induced magnetic fields respectively, as orange arrows in momentum space not taking into account the static XY splitting term
for the optical spin Hall effect field (β = 0).
an effective RD SOC for the cavity photons. Here, the LC
filled cavity in our double cavity system is taken to possess
a RD Hamiltonian which, in reciprocal-space representation
and circular polarization basis, is written:
HˆRD =
h¯2k2x
2Mx
+
h¯2k2y
2My
− 2αkyσˆz. (3)
Here, σˆx,y,z are the Pauli matrices, Mx,y is the cavity pho-
ton mass along the x and y planar coordinates, kx,y =
k(cos(ϕ),sin(ϕ)) are the in-plane momenta, and α is the
strength of the RD SOC. The Hamiltonian in Eq. (3) can be
represented as a linear combination of a Pauli matrices vector
and an effective magnetic field:
HˆRD =
h¯2k2x
2Mx
+
h¯2k2y
2My
+BRD · σˆ , (4)
where σˆ = (σˆx; σˆy; σˆz) is a vector of Pauli matrices which
relates to the cavity photon pseudospin through S = 〈σˆ 〉,
and BRD = (0;0;−2αky) is the effective RD magnetic field
(Fig. 1b).
On the other hand, the second cavity in our double LC
cavity system is taken to possess two polarization dependent
mechanisms in correspondence with recent studies [10, 11].
First, a splitting between the TE and TM polarized modes
which results in a unique photonic SOC described by an effec-
tive in-plane magnetic field which winds itself twice around
the momentum space origin, whereas, in comparison, Rashba
and Dresselhaus SOCs wind only once. The TE-TM splitting
results in the optical spin Hall effect (OSHE) [22] and is a
source of multiple interesting features relevant to topological
photonics [19, 23, 24]. Second, a static splitting term between
the linearly polarized modes of the photons (referred here as
a XY splitting). Such cavity can be described by the Hamilto-
nian:
HˆOSHE =


h¯2k2x
2Mx
+
h¯2k2y
2My
β + γk2e−i2ϕ
β + γk2ei2ϕ
h¯2k2x
2Mx
+
h¯2k2y
2My

 . (5)
The TE-TM and XY splitting are denoted by γ and β respec-
tively in Eq. (5). Note the 2ϕ dependence indicating the dou-
ble winding of the effective in-plane magnetic field. Similarly
to the representation used in Eq. (4), we can write the OSHE
Hamiltonian in the following form:
HˆRD =
h¯2k2x
2Mx
+
h¯2k2y
2My
+BOSHE · σˆ , (6)
where BOSHE = (β + γ(k2x − k
2
y);2γkxky;0) is an effective
OSHE magnetic field. In Fig. 1c we have depicted OSHE
magnetic field for the case β = 0.
As pointed out in recent works [24, 25], the presence of
both TE-TM and XY splitting in a single cavity leads to
two energetically shifted parabolas with different effective
masses which intersect into two tilted Dirac cones located at
(kx,ky) = (0,±
√
β/γ), also referred as diabolical points (see
Fig. 2a). Recently, this Hamiltonian was realized in single mi-
crocavity with embedded quantum wells and operating in the
strong-coupling regime [24], as well as in polariton microcav-
ity based on an optical birefringent 2D perovskite [26]. There,
the emergent spinor polariton modes (two-band system) were
then subjected to an external out-of-plane magnetic field de-
scribed by an operator Ωz = ∆σˆz which, when combined with
HˆOSHE resulted in a gap opening at the Dirac points and for-
mation of non-zero Berry curvature in momentum space.
The fact that each Hamiltonian given by Eq. (3) and (5)
can be easily realized in a double cavity setting provides an
opportunity to explore a new regime of local photonic Berry
curvature. That is, in order to realize a gap opening at the
Dirac cones of HˆOSHE for just cavity photons, instead of using
magnetically susceptible polaritons [24], practically inacces-
sible in organic microcavities, we propose a four-band system
of two coupled cavities,
Hˆ =
(
∆Eσˆ0+ HˆOSHE V σˆ0
V σˆ0 HˆRD
)
. (7)
Here, ∆E is the detuning between OSHE and RD cavities,
σˆ0 is the 2× 2 identity operator and we have used the sim-
plest model of coupling between the cavities denoted by the
3FIG. 2. Gap opening of the hybridized OSHE and RD double cavity system. Dispersions (normalized reflection intensities of the diagonally
polarized incident light) of the (a) uncoupled OSHE cavity where we mark the parabolas intersection, (b) uncoupled RD cavity, and (c) both
cavities coupled calculated using Berreman method [27]. In (a-c) we have plotted the energies coming from Eqs. (5), (3) and (7), respectively,
as whole red lines with a vertical marker in (c) indicating the smallest splitting between the central branches. (d) Berry curvature Bz, QGT
components (e) gxx, (f) gxy = gyx, (g) gyy; (h) Berry curvature Bz for different LC director angle. Subplots (d-h) are calculated for the
second band counted from bottom to top. Parameters for (a-g) are: λ = 750 nm, no1 = no2 = 1.5, ∆n1 = ∆n2 = 0.4, mx1 = 3, my1 =
3+4×10−3 (ϕ1 = 85.18 deg) ,mx2 = 7, my2 = 8, N1 = 10, N2 = 12, N3 = 10,nDBR1 = 1.4, nDBR2 = 2.3. Parameters for (h) are the same
except for my1 = 3+10
−4 (ϕ1 = 89.24 deg).
real valued coefficient V which is taken to be independent of
in-plane momentum. The photonic hybridization of the two
subsystems HˆRD and HˆOSHE can then achieve a similar gap
opening and finite local Berry curvature like reported in [24]
but with zero Chern number since the system is topologically
trivial. Instead of a magnetic field that breaks time-reversal
symmetry and opens a gap at the Dirac points our system in-
stead breaks the inversion symmetry through the hybridiza-
tion of the two cavities. One cavity possesses TE-TM and XY
splitting giving rise to Dirac cones in one subsystem, while
the other has the RD SOC which, when coupled with the for-
mer, breaks inversion symmetry and opens the gap at the Dirac
points with consequent emergence of non-zero local Berry
curvature [28] in the coupled system. Indeed, Hˆ is symmetric
under time-reversal whereas it is not for inversionI =σ0⊗σx,
IHˆ(−k)I−1 6= Hˆ(k). (8)
Before presenting the results for a double LC system, we
want to note that a similar symmetry breaking effect can be
realized in a simpler system from the point of view of man-
ufacturing, which is a combination of an empty cavity and
a LC cavity tuned to the RD Hamiltonian (Eq. (3)). Indeed,
an empty cavity can possess TE-TM splitting when the mode
is shifted relative to the center of the DBRs stopband [29],
and XY splitting can be implemented by creating an asym-
metric microcavity [30], or using slightly detuned RD modes
of the LC cavity [11]. In the last case, the Hamiltonian in
Eq. (3) would have an additional term β ∗σˆx similar to the
one in Eq. (5). However, the experimentally reported TE-TM
splitting values for an empty microcavity are of the order of
tens of µeV [31], while the TE-TM splitting values in LC
cavity are measured in the meV scale providing comparable
scales for α,β and γ values and allowing for an observable
gap opening.
In Fig. 2a,b we calculate the dispersion of each uncoupled
cavity belonging Eqs. (3) and (5) respectively. The diabolic
points, or Dirac cones, are marked with the black lines in
Fig. 2a. When the two systems are coupled using Eq. (7)
we observe a splitting between the two central bands around
the Dirac point which contain non-zero Berry curvature sat-
isfying Bz(k) = −Bz(−k). In order to characterize the prop-
erties of the bands in the double cavity system we calculate
the components of the quantum geometric tensor [25, 32]
(QGT), whose real part contains the quantum metric (distance
between eigenstates), and the imaginary part determines the
Berry curvature.
T
(n)
i j = ∑
m6=n
〈m|∂ki Hˆ|n〉〈n|∂k j Hˆ|m〉
(Em−En)2
, (9)
4FIG. 3. Quantum metric tensor components and Berry curvature. The quantum metric tensor components (a,b,c) gxx, (d,e,f) gxy = gyx,
(g,h,i) gyy and (j,k,l) the Berry curvature Bz for the first (left figure in each subset), the third (middle figure) and the fourth (right figure) bands
counted up.
g
(n)
i j = Re
(
T
(n)
i j
)
, B
(n)
z =−2Im
(
T
(n)
xy
)
, (10)
where (i, j) = (x,y), n = (1,2,3,4) denotes the number of
the band from bottom to top in energy, |n〉 and En are the k-
dependent eigenstate and corresponding eigenenergy of Hˆ.
The QGT components for the second lowest band of this
system are shown in the Fig. 2(d-g) revealing that the strongest
Berry curvature appears at the anticrossing of the two cen-
tral bands of the system. Figure 2h shows that this mini-
mum/maximum of the Berry curvature, marked with a white
dot, is shifted when the LC director is changed, underlining
tunability coming from the LC cavitites. In Fig. 2h the col-
orscale is saturated to match Fig. 2d. The black segment in
Fig. 2c shows the anticrossing, marking the opening point of
the Dirac cone corresponding to the white point in Fig. 2d. We
note that the QGT components for a four-band system can be
directly measured [25]. The QGT components for the remain-
ing three bands are shown in Fig. 3.
For all effective masses we use notations
Mx1,My1,Mx2,My2, where indices (1,2) correspond to
HˆOSHE,RD cavities respectively. In Fig. 2a-c we ob-
tain an XY splitting β = 0.77 meV, TE-TM splitting
γ = 0.72 meV · µm2, effective photon masses Mx1 = My1 =
0.054 meV · ps2 · µm−2,My2 = 0.05 meV · ps2 · µm−2,
cavities detuning ∆E = −0.8 meV, RD SOC parameter
α = 3.25 meV · µm, and the coupling between cavities
V = 3.6 meV by fitting to the numerically calculated disper-
sions (red lines in Fig. 2a-c). The effective mass along the
kx direction Mx2 = 0.0445 meV · ps2 · µm−2 does not affect
the gap opening, nor does it affect the position of the Dirac
cones, it only affects the width of the distribution of the QGT
parameters along the kx-axis. It can therefore adopt a typical
value obtained using the methods of Ref. [11]. We note that
the plotted energies belonging to Eq. (7) are shifted to match
the absolute energies obtained through numerics. For the
case of all masses being equal and kx = 0 and ∆E = 0, the
analytical expression for the energies becomes:
E =
h¯2k2y
2M
±
√√√√2V 2+ 4α2k2y +(β − γk2y)2±
√
(β − γk2y)
2[(β − γk2y)
2+ 4V2− 8α2k2y ]+ 16α
2k2y [V
2+α2k2y ]
2
. (11)
The above expression gives some insight into how the location
of the maximum concentration of Berry curvature at the anti-
crossing point has shifted with respect to the original Dirac
point location ky =±
√
β/γ. To the leading order around the
original Dirac point, the new location is given by the roots of
the equation,
V 2+ 2α2k2y√
V 2+α2k2y
=
ky
α
(
2α2− γ(β − γk2y)
)
. (12)
The solution satisfies |ky|>
√
β/γ corresponding to the anti-
crossing point shifting to higher momentum values away from
the original Dirac point.
Discussion — We have demonstrated a purely photonic im-
plementation of achieving measurable local Berry curvature
by construction of a Hamiltonian describing two optical cavi-
ties possessing distinct SOC mechanisms. These SOC mech-
anisms can today be readily designed through the recent ad-
vancements in tunable LC microcavities [10, 11]. In our pro-
posal, one cavity is composed to a unique photonic SOC effect
5stemming from both TE-TM and XY splitting of the cavity
modes leading to a pair of tilted Dirac cones. The second cav-
ity provides an RD SOC which, when coupled with the for-
mer cavity, breaks inversion symmetry and leads to gap open-
ing at the Dirac points. The opening is associated with the
formation of local Berry curvature around the Dirac points.
Our results open new possibilites for measuring fundamental
geometrical properties of photonic bands, such as the Berry
curvature, which are of great interest to the growing field of
topological photonics [4]. Namely, the appearance of local
Berry curvature in our system is not reliant on gyromagnetic
materials, polariton susceptibility to external magnetic fields,
or complicated fabrication of in-plane photonic structures like
honeycomb lattices [7, 21].
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